Oleaginous yeast Lipomyces starkeyi, a species in the Saccharomycetales order, has the capability to accumulate over 70% of its cell biomass as lipid under defined culture conditions. In this study, analysis of L. starkeyi AS 2.1560 proteome samples from different culture stages during a typical lipid production process was performed using an online multidimensional mRPLC/MS/MS method. Data searching against the proteome database of the yeast Saccharomyces cerevisiae led to the identification of 289 protein hits. Further comparative and semi-quantitative analysis under more stringent criteria revealed 81 proteins with significant expression-level changes. Among them, 52 proteins were upregulated and 29 proteins were downregulated. Gene ontology annotation indicated that global responses occurred when cells were exposed to the nitrogen deficiency environment for lipid production. Protein hits were annotated and largely concerned metabolic processes for alternative nitrogen sources usage or lipid accumulation. Many of the downregulated proteins were related to glycolysis, whereas the majority of the upregulated proteins were involved in proteolysis and peptidolysis, carbohydrate metabolism and lipid metabolism. Insights were provided in terms of cellular responses to nutrient availability as well as the basic biochemistry of lipid accumulation. This work presented potentially valuable information for understanding the biochemical events related to microbial oleaginity and rational engineering of oleaginous yeasts.
Introduction
Many microorganisms synthesize neutral lipid as an integral part of their metabolism and as an energy storage material (Murphy, 2001) . In particular, those that can produce lipid over 20% of their cellular biomass are categorized as oleaginous species (Ratledge, 2004) . Lipid produced by oleaginous yeast consists largely of triacylglycerols with a fatty acid compositional profile similar to those of commercial oils and fats. Moreover, microorganisms can be cultured with renewable feedstock under a controllable environment at a rate more rapid than plants. As such, microbial lipid has been considered as a potential feedstock for the biodiesel industry (Liu & Zhao, 2007; Meng et al., 2009) and an important topic for industrial biotechnology (Ratledge, 2004) .
Although microbial oleaginity is known for decades, our understanding on the molecular mechanism remains limited. In general, when oleaginous species are cultured on carbohydrates and related materials with limited nitrogen supply, cell growth is repressed while the de novo fatty acid biosynthetic pathway and lipid assembly show roughly similar activity as found in the nutrient-rich medium, leading to a storage lipid formation (Ratledge & Wynn, 2002) . Thus, lipid accumulation can be partially considered as a consequence of global cellular responses to the nutrient shift.
Oleaginous yeast Lipomyces starkeyi, a species in the Saccharomycetales order originally isolated from soil, has the ability to accumulate over 70% of its cell biomass as lipid under defined culture conditions (Yamauchi et al., 1983; Li et al., 2007; Angerbauer et al., 2008) . This yeast also shows the ability to produce lipid using a mixture of glucose and xylose (Zhao et al., 2008) as well as other wastes (Angerbauer et al., 2008) . The rationality and importance of the study on L. starkeyi are especially relevant, given the importance of renewable fuels research moving into the future. Meanwhile, an in-depth understanding of the molecular mechanism of its lipid accumulation is very important. Unfortunately, the genome of L. starkeyi has not been sequenced completely and no research has been reported on the proteomic level. In the present study, we performed a proteomic analysis of L. starkeyi cells in three growth stages. Experiments were performed using online multidimensional nanoflow liquid chromatography coupled with tandem MS, followed by protein identification against the proteome database of the yeast Saccharomyces cerevisiae.
Although only the relative abundance of the most conserved and best expressed proteins was identified, the most conserved and most abundant proteins in a cell are often those most important to its physiological activity and phenotype. Proteomics is an emerging filed. The data are difficult and costly to acquire, and future research will benefit from the data herein. This work also presented valuable information for understanding the mechanism of microbial oleaginity and engineering oleaginous yeasts.
Materials and methods

Materials
Magic C 18 AQ (5 mm, 100 Å pore) was purchased from Michrom BioResources. Water was purified using a Mill-Q system from Millipore.
Phenylmethylsulfonyl fluoride (PMSF) was purchased from Sino-American Biotechnology Corporation. Dithiothreitol, iodoacetamide, urea and Tris were purchased from Bio-Rad. Triton X-100 and TPCK-trypsin were obtained from Sigma. Formic acid was obtained from Fluka. Acetonitrile (HPLC grade) was from Merck. Yeast extract (containing 3% ammonium-N and 9% total nitrogen) and peptone (containing 3% ammonium-N and 14.5% total nitrogen) were obtained from Aoboxing Bio-tech. Other chemicals were of analytical grade unless otherwise specified.
Strain, growth conditions and basic biochemical analysis
The yeast L. starkeyi AS 2.1560 was obtained from the China General Microbiological Culture Collection Center. It was maintained at 4 1C on yeast peptone dextrose agar slants that contained (g L À1 ) yeast extract 10, peptone 10, glucose 20
and agar 20, pH 6.0, and subcultured twice a month. The nutrient-rich medium used for the preculture contained (g L À1 ) glucose 20, peptone 10 and yeast extract 10, pH 6.0.
The nitrogen-deficient medium used for lipid production contained (g L À1 ) glucose 70, yeast extract 0.5, (NH 4 ) 2 SO 4 1.0, KH 2 PO 4 1.0 and MgSO 4 Á 7H 2 O 1.0, pH 6.0. The nutrient-rich medium and the nitrogen-deficient medium had a carbon-to-nitrogen (C/N) molar ratio of 4.0 and 133, respectively. All media were autoclaved at 121 1C for 15 min. Preculture of L. starkeyi AS 2.1560 was made in the nutrient-rich medium at 30 1C for 36 h. Lipid production was performed on a 15-L bioreactor equipped with an online data acquisition and control system. The culture conditions were as follows: inoculum volume 10% (v/v), temperature 30 1C, pH 6.0 (automatically controlled using 10.0 M NaOH or 10.0 M HCl) and dissolved oxygen at 40-50% saturation. Samples (50 mL each) were withdrawn at 8 h (sample '8-h'), 48 h (sample '48-h') and 96 h (sample '96-h'). Cells were precipitated, washed with water and stored at À 80 1C. Parallel samples were also collected for biomass and lipid content determination as described below.
Cell dry biomass and lipid content were determined essentially as described (Li et al., 2007) . Glucose concentration was obtained using an SBA-50B glucose analyzer. Inorganic nitrogen (NH 4 1 -form) was quantified by titration. Total nitrogen was quantified using a KDN-2C-type nitrogen installation.
Protein extraction and proteolysis
The method of protein extraction was based on an earlier study performed on Rhodosporidium toruloides Y4, with minor modifications (Liu et al., 2009) . For cell lyses, approximately 2.0 g of wet cells were ground in a mortar in the presence of liquid nitrogen. The homogenate was suspended in 4.0 mL of lysis buffer (8 M urea, 65 mM dithiothreitol, 0.1% Triton X-100, 100 mM NaCl, 50 mM Tris-Cl, 1 mM PMSF, 1 mM EGTA and 1 mM EDTA, pH 7.4) at 4 1C and then centrifuged at 25 000 g for 30 min at 4 1C. The floating fat was removed using a spatula. The supernatant was collected and the crude protein extract was precipitated by chloroform/methanol and then redissolved in 1 mL of buffer containing 8 M urea, 50 mM Tris-Cl, pH 8.2. Three batches of wet cells were lysed in parallel and the protein concentration was determined using Bradford assay. Then equal amounts of protein extracts (2 mg) were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and visualized using silver staining.
The protein samples were reduced by dithiothreitol at 37 1C for 2 h and alkylated by iodoacetamide at room temperature in the dark for 40 min. Then, the proteins were diluted with 50 mM Tris-Cl buffer, pH 8.2, to reduce the urea concentration to o 2 M. Finally, trypsin (trypsin/ protein, 1 : 50 w/w) was added and the samples were digested at 37 1C for 20 h. The tryptic digestions were desalted with C 18 solid-phase cartridges and lyophilized.
Online multidimensional lRPLC/MS/MS analysis
The 2D-LC-MS/MS system consisted of a quaternary Surveyor pump, an auto-sampler and an LTQ linear ion trap mass spectrometer equipped with a nanospray source (Thermo). The temperature of the ion transfer capillary was set at 200 1C, and the spray voltage was set at 1.8 kV. All MS and MS/MS spectra were acquired in the data-dependent mode. The mass spectrometer was set such that one full MS scan was followed by 10 MS/MS scans. The 2D-LC-MS/MS analysis was carried out according to a reported method, with minor modifications (Wang et al., 2007) . Tryptic digests of 25 mg of 8-h, 48-h and 96-h proteins were loaded onto the monolith SCX column (150 mm ID Â 7 cm) by automated sample injection at a flow rate of 7.5 mL min À1 by setting the loading time at 8 min and then equilibrated with 5% acetonitrile (0.1% acetic acid). After that, the SCX column loaded with the peptide sample was directly connected to a reverse-phase (RP) column in tandem by a union. The peptides were eluted onto the RP column using a step gradient generated with 1000 mM ammonium acetate in 0.1% acetic acid/5% acetonitrile. An RP separation gradient with a 0.1% formic acid aqueous solution (buffer A) and acetonitrile with 0.1% formic acid (buffer B) was developed to separate the peptides retained onto the RP segment and one separation cycle lasted 120 min (0-10% buffer B for 2 min, 10-35% for 90 min and 35-80% for 5 min; after holding at 80% buffer B for 10 min, the entire system was re-equilibrated by buffer A for 10 min). The salt concentrations of the buffer were used in 10 salt steps: 50, 100, 150, 200, 250, 300, 350, 400, 500 and 1000 mM. After each elution step, a subsequent RPLC-MS/ MS was executed Wang et al., 2007) .
Data analysis
The MS/MS spectra acquired were searched against the yeast database downloaded from the Stanford (ftp://genomeftp. Stanford.edu/yeast/datadownload/sequence/genomic_seque nce/orf_protein/orf_trans.fasta.gz) using the TurboSE-QUEST in the BIOWORKS3.2 software suite (Thermo). Reversed sequences were appended to the database for the evaluation of a false-positive rate. Cysteine residues were searched as a fixed modification of 57.0215 Da, and methionine residues were searched as a variable modification of 115.9949 Da. Peptides were searched using fully tryptic cleavage constraints, and up to two missed cleavage sites were allowed for tryptic digestion. The mass tolerances were 2 Da for parent masses and 1 Da for fragment masses. Initial searching results were filtered with the following parameters as reported previously (Roth et al., 2006) , with minor modifications: the peptides were considered as positive identification if the X corr were higher than 1.9 for singly charged peptides, 2.2 for doubly charged peptides and 3.75 for triply charged peptides; delta C n cutoff values were not less than 0.22 and at least two unique peptides were measured per protein to ensure that the false-positive rate o 5% as shown in Fig. 1 and Table 1 . For a semi-quantitative comparison of the proteins identified in 48-h, 96-h and 8-h, including the criteria mentioned above, only the proteins identified in at least two out of three parallel experiments for each group were saved. Then, spectral counts for each identified protein from each experiment were extracted, averaged, normalized and compared as described previously and as noted in the footnotes for Supporting Information, Table S1 (Roth et al., 2006; Wan et al., 2007) . The biological processes and molecular functions involved for these identified proteins were assigned using GOMINER, a web-based application based on Gene Ontology annotation (discovery.nci.nih.Gov/gominer) (Ashburner et al., 2000; Zeeberg et al., 2003) .
Results
Lipid production and cell sampling
The yeast L. starkeyi AS 2.1560 was cultured in a nitrogenlimited medium with a C/N molar ratio of 133 using an advanced 15-L bioreactor with pH and dissolved oxygen control. The time courses of glucose, lipid, dry cell biomass and the lipid content of the batch culture are shown in biomass and lipid were produced thereafter on sampling at 24 h. We also monitored the media nitrogen content during the culture. Both total nitrogen and inorganic nitrogen were consumed rapidly during the early stage of the lipid production culture. This was in agreement with a dominant cell growth phase, where nitrogen sources were metabolized to generate cellular constituents. The inorganic nitrogen concentration was reduced to 0.02 g L À1 at 36 h and finally to 0.007 g L À1 at 96 h. Thus, nitrogen deficiency condition was noticeable. Concurrently, progressive lipid production was observed after cells were cultured for 36 h.
Total protein extraction
Protein extraction is very important for proteome analysis, especially for those samples with high lipid contents. In this work, we used urea and Triton X-100 in the cell lysis buffer to ensure effective protein solubilization, because urea unfolds protein to expose the corresponding hydrophobic core and Triton X-100 disrupts lipid-protein interactions (Shaw & Riederer, 2003) . For protein precipitation, we used the chloroform/methanol system because it can remove the salt and detergents, and most importantly, eliminate lipid interferences (Wessel & Flugge, 1984) . A similar method produced reliable protein extractions from the lipid-rich cell biomass of R. toruloides Y4 in our earlier study (Liu et al., 2009) . Thus, L. starkeyi cells collected at time points 8-h, 48-h and 96-h were lysed and the proteome samples were prepared. Cellular protein concentrations for the 8-h, 48-h and 96-h samples were about 8.5, 1.5 and 0.8 mg g À1 wet biomass, respectively. The reduced protein contents over time were roughly correlated to the improved lipid contents, as demonstrated in Fig. 1 . These data also implied that processes related to global protein degradation and nitrogen redistribution should be considerably active during lipid production in the nitrogen deficiency media. It was clear that all the three samples had a wide molecular mass distribution based on SDS-PAGE analysis (Fig. S1 ), indicating that our protein preparation method was successful.
Proteomics analysis
Proteomic samples of L. starkeyi cells were digested by trypsin, and the digests were analyzed on an online multidimensional mRPLC/MS/MS facility. Because the genome of L. starkeyi has not been sequenced, we used a cross-species strategy by sequence similarity searches (Athenstaedt et al., 2006) . Specifically, the acquired MS/MS spectra were searched against the proteome database of the yeast S. cerevisiae. Protein hits were 120, 159 and 192 from the 8-h, 48-h and 96-h samples, respectively, based on the accumulative proteins that appeared in triplicate analyses (Table 1) . A veen diagram of the three samples shows the protein overlapping profile of this dataset (Fig. 2) . The majority of protein hits listed in Table 1 had molecular masses in the range of 20-130 kDa, but proteins higher than 130 kDa were also presented (Fig. S2a) . The average molecular mass values of the proteins from the 8-h, 48-h and 96-h samples were 84.5, 78.4 and 83.5 kDa, respectively. The isoelectric point (pI) distributions were from 4.5 to 11.5 and largely in two ranges: 5.0-7.0 and 8.0-10.5 (Fig. S2b) . The average pI values of the proteins from the 8-h, 48-h and 96-h samples were 6.8, 7.0 and 6.9, respectively. These proteins showed a wide range of physiochemical properties in terms of the molecular mass and pI, which in turn suggested that the samples were properly extracted.
In order to obtain more reliable data, we set more stringent criteria for protein identification. Thus, there were 68, 73 and 84 proteins left from the 8-h, 48-h and 96-h samples, respectively. These proteins were subjected to classification using Gene Otology to gain a general view of their biological functions (Ashburner et al., 2000; Zeeberg et al., 2003) . The largest functional group was assigned to catalytic activity, into which approximately 70% hits fell for the three stages, indicating that most of these proteins were related to biochemical transformations. Of all the identified enzymes, hydrolase, transferase and ligase had relatively higher ratios. The second largest was assigned to binding activity. It took more than 40% of identified proteins in all the three collections. It is obvious that more protein hits were found in both groups in 48-h and 96-h samples (lipid production samples) compared with those in the 8-h sample. However, there seemed to be no significant differences in terms of the protein distribution in other categories (Fig. S3a) .
A classification of the identified proteins involved in different biological process categories was performed (Fig.  S3b) . The largest category was metabolism, which was more than 85% in all three stages. This broad category contained many enzymes involved in the metabolism of carbohydrate and protein. About 30%, 20% and 15% proteins were assigned to localization, response to stimulus and regulation of physiological process, respectively, in the three stages. Other proteins were found in minor groups involved in secretion, homeostasis, physiological process and cell death. The numbers of proteins involved in metabolism, localization, regulation of physiological process, response to stimulus and secretion were all increased in the lipid production samples.
Comparative and semi-quantitative proteomic analysis
A comparative and semi-quantitative proteomic analysis was performed to identify the temporal changes in the expression and abundance of proteins during lipid accumulation. A semi-quantitative method based on spectral counts was used to observe the time course of the proteome profile of L. starkeyi during lipid accumulation (Roth et al., 2006; Wan et al., 2007) . The spectral counts of the 8-h, 48-h and 96-h samples were averaged, normalized and compared. Proteins with spectral count ratios of 48-h/8-h or 96-h/8-h more than 10 or o 0.1 were saved as upregulated or downregulated proteins, respectively. Thus, 81 proteins were left over, and among them, 52 proteins were upregulated and 29 were downregulated (Table 2) . Sixty proteins fell into the catalytic activity group based on the Gene Ontology annotation. Sixty-three protein hits were associated with primary metabolism (Fig. S4 ), suggesting that a major metabolic rearrangement occurred by L. starkeyi cells in response to an altered nutrient availability. Further, 28 proteins (44%) were involved in protein metabolism; 24 (38%) in nucleoside, nucleotide and nucleic acid metabolism; 12 (19%) in carbohydrate metabolism; 13 (21%) in amino acid and derivative metabolism; and three (5%) in lipid metabolism. Although lipid biosynthesis is a portion of the primary metabolism, lipid accumulation requires additional biochemical processes. Therefore, proteins changed significantly in all the five categories of primary metabolism. These proteins were further evaluated to determine whether proteins belong to certain functional categories during lipid accumulation (Table 2) . Thus, four out of six proteins involved in proteolysis/peptidolysis, seven out of 12 proteins involved in carbohydrate metabolism, 18 out of 22 proteins involved in transport and all three proteins involved in lipid metabolism were upregulated; three out of four proteins involved in glycolysis were downregulated. Similar results were also found in our earlier study on R. toruloides: the majority of the upregulated proteins were involved in alternative nitrogen sources of metabolism and lipid biosynthesis (Liu et al., 2009 ).
Discussion
Our understanding on microbial lipid metabolism is mainly based on studies with the model yeast S. cerevisiae. Lipid body assembly is believed to occur at a specialized subdomain of the endoplasmic reticulum where most biosynthetic enzymes and structural proteins are located (Waltermann et al., 2005) . However, most conventional yeasts, such as S. cerevisiae, Pichia pastoris, Hansenula polymorpha and Schizosaccharomyces pombe, of those whose complete genome sequences are known, do not accumulate lipids over 20% of their biomass when carbohydrates are fed as the carbon sources, and thus are not considered oleaginous. By contrast, some historical lipid-producing yeasts, such as Cryptococcus curvatus, R. toruloides and Rhodotorula sp., are far away with these yeasts according to phylogenic analysis. It should be pointed out that the yeast Yarrowia lipolytica has been sequenced (Dujon et al., 2004) , and the sequenced protein database is available at http://www.genolevures.org/ download.html#yali. However, Y. lipolytica tends to accumulate lipid using hydrophobic substrates via an anabolic pathway, while these oleaginous yeasts such as L. starkeyi accumulate lipid via de novo fatty acid biosynthesis using hydrophilic substrates such as carbohydrates. Although a lipid content of 36% was reported in a review paper (Ratledge & Wynn, 2002) , a recent research paper clearly showed that Y. lipolytica ACA-DC 50109 failed to accumulate lipid over 20% using glucose as the carbon source even though the nitrogen source was limited (Papanikolaou et al., 2006) . It is known that tandem mass spectrometry (MS/MS) is one of the most powerful and widely used tools in proteomics study as a routine procedure for proteins' identification. In a typical shot-gun strategy, proteins are enzymatically digested, measured with MS/MS and followed by a database search. Thus, peptides are identified from a known protein sequence database first and then combined together to identify the proteins from the database. For those unsequenced genomes, however, protein identification has been largely relayed on sequenced genomes with close similarity. Recently, de novo sequencing has been demonstrated for identifying short peptides, but this method remains immature to annotate the MS/MS spectra when the 'high-throughput' data are generated from a complex mixture of proteins, especially the whole proteomes (Shevchenko et al., 2009; Seidler et al., 2010) . Also, de novo sequencing requires a high-end mass spectrometer such as FT-MS and Orbitrap with a high mass accuracy and mass resolution. As the data were acquired using a low-end mass spectrometer of LTQ in this study, de novo sequencing was not attempted to identify the peptides. To our knowledge, a sequence similarity search is also used to explore the proteomes of organisms with unsequenced genomes. If a homologous sequence of the target protein is included in a given protein sequence database and the studied species has a close relative genome with the completely sequenced protein database, it is helpful to use the existing sequence databases as a reference database. That is, if the analyzed protein belongs to a conserved protein family, it is likely to comprise several peptides that are fully identical to reference sequences in a database (Shevchenko et al., 2009) . Furthermore, this strategy is not influenced by the instrument type; hence, it was performed in this study.
The yeast L. starkeyi AS 2.1560 is capable of producing cell biomass with a high lipid content. It belongs to the Saccharomycetales order, but the genome sequence of this yeast is unavailable. The sequences of the 26S rRNA gene D1/D2 domain of L. starkeyi NRRL Y-11557 and Y. lipolytica CBS 599 had 69% identity and the sequences of the 26S rRNA gene D1/D2 domain of L. starkeyi NRRL Y-11557 and S. cerevisiae NRRL Y-12632 had 84% identity (Fig. S5) , suggesting that L. starkeyi and S. cerevisiae have a close genetic relationship. This provides a basis to perform a cross-species proteomic study of L. starkeyi using the proteome data of S. cerevisiae (the up-or downregulated protein lists searched against the database of Y. lipolytica are shown in Table S2 ). It should be noted that nonsequenced, yet biotechnologically significant microorganisms are far more than those sequenced species regardless of our continuous sequencing efforts. Therefore, proteomic studies on nonsequenced organisms have followed a cross-species strategy using databases of sequenced organisms. This approach has been successful in analysis of the proteome of Candida magnoliae (Kim et al., 2004) and Euhalothece sp. BAA001 (Pandhal et al., 2008) .
To gain insights at a proteomic level into the lipid accumulation process by L. starkeyi, we performed analysis of the proteome samples obtained at different culture stages. Three representative samples, 8-h, 48-h and 96-h, with a lipid content of 14%, 28% and 46%, respectively, were analyzed on an online multidimensional mRPLC/MS/MS facility. Data searching against the proteome database of S. cerevisiae revealed 289 protein hits. For comparison, our early work on oleaginous yeast R. toruloides, a species in the Sporidiobolales order, identified only 184 proteins, partially because R. toruloides is phylogenetically far away from S. cerevisiae (Liu et al., 2009 ). This means the study can only identify the relative abundance of the most conserved and best expressed proteins. However, the most conserved and the most abundant proteins in a cell are often those most important to its physiological activity and phenotype.
The data are difficult and costly to acquire and may be of potential benefit for future research.
After the semi-quantitative method based on spectral counts (Roth et al., 2006; Wan et al., 2007) was performed, we achieved a robust subset of 81 proteins that changed drastically, of which 52 proteins were upregulated and 29 were downregulated during the lipid accumulation process (Table S1 ). A quick look at this dataset indicated that proteins involved in proteolysis/peptidolysis, transportation, carbohydrate metabolism and lipid metabolism were upregulated, whereas those involved in glycolysis were downregulated (Table 2 ). These data suggested that major physiological changes at the proteomic level occurred along the lipid production process. To understand this general trend, we have to scrutinize the culture conditions for those samples. Lipomyces starkeyi AS 2.1560 cell preculture was prepared in a nutrient-rich medium with a C/N molar ratio of 4.0. The preculture was transferred into the lipid production media with a C/N molar ratio of 133. Upon inoculation with 10% (v/v) preculture, the initial inorganic nitrogen concentration was 0.3 g L À1 . Cells should adapt to the media conditions after cultivation for 8 h. When the culture time reached 48 and 96 h, media inorganic nitrogen and glucose reduced to 0.021 and 49 g L À1 , and 0.007 and 1.0 g L À1 ,
respectively. Thus, cells underwent a drastic nutrition stress, which should induce a global metabolic change. This was further supported by the fact that more proteins related to metabolism were found in the lipid production stages (Fig. S3b) .
In the following, we will discuss some specific points mainly based on the comparative and semi-quantitative proteomic data.
Firstly, our data demonstrated that nitrogen metabolismrelated processes were very active during the process of lipid accumulation. Proteins CDC48p, RPT4p, RPT6p and PHB2p involved in the proteolysis/peptidolysis process were upregulated (Table 2) . These proteins were involved in the degradation of ubiquitinated substrates. Furthermore, 18 proteins assigned to transportation were upregulated; among them, nine proteins were involved in protein transport. Proteins associated with amino acid biosynthesis were regulated differently; five were upregulated, including ARO4p (aromatic amino acid biosynthesis), TRP2p (trytophan biosynthesis), CPA2p (arginine biosynthesis), CIT1p and GDH3p (glutamate biosynthesis). However, two proteins were downregulated, namely, LSY21p (lysine biosynthesis) and MET6 (methionine biosynthesis). It was documented that S. cerevisiae cells induced the expression of proteins involved in the transportation and degradation of alternative nitrogen resources to optimize nitrogen metabolism in response to a low ammonia supply (Kolkman et al., 2006) , and UBP15p and PHB2p were upregulated. In this study, media nitrogen sources were limited and provided mainly as ammonium sulfate. Consequently, L. starkeyi cells activated protein degradation processes and amino acid biosynthesis to salvage and redistribute nitrogen sources for suboptimal cell growth in response to the nitrogen-deficient environment. Downregulation of LSY21p and MET6 might be an indication of a rich supplement of lysine and methionine via salvage pathways.
Secondly, lipid production under nitrogen-limited conditions was found to be closely related to shifting of basic cellular processes. Three glycolytic enzymes, ENO1p, PGK1p and PFK2p, were all downregulated in the lipid production process, indicating that the glycolysis was repressed. It was found in Bacillus licheniformis that enzymes involved in glycolysis were negatively controlled by nitrogen starvation (Voigt et al., 2007) . Three proteins related to glucan metabolism, GLC7p, GSY2p and PGI1p, were upregulated. However, RHO1p, involved in the regulation of the cell wall synthesizing enzyme 1,3-b-glucan synthase, was downregulated. It was interesting to note that PSA1p was significantly upregulated. PSA1p synthesizes GDP-mannose for cell wall biosynthesis. Upregulation of PSA1p might suggest that an alteration of the cell wall structure occurred concurrently with the lipid production.
Thirdly, key protein changes that led to improved fatty acid biosynthesis and lipid production were identified. The citrate synthase CIT1p was upregulated significantly, enabling a steady production of citrate. CIT1p is the ratelimiting enzyme of the TCA cycle catalyzing the condensation of acetyl-CoA and oxaloacetate to form citrate. It has been well documented that isocitrate dehydrogenase (IDH), which oxidizes isocitrate to a-ketoglutarate, was the master switch for lipid accumulation when carbohydrates were used as the carbon source (Ratledge, 2002) . In oleaginous yeasts, IDH activity was tightly regulated by the activator AMP, which per se was controlled by AMP-deaminase. Under nitrogen-deficient conditions, AMP was converted into inosine 5 0 -monophosphate, leading to a cessation of IDH activity. Thus, isocitrate was built up and rapidly equilibrated with citrate via aconitase. The citrate was transported out of the mitochondrion via a malate/citrate translocase system, and converted into acetyl-CoA in the presence of the ATP : citrate lyase to fuel the fatty acid biosynthesis (Suutari et al., 1993) . Although IDH was not changed dramatically, a mitochondrial NADP-specific IDH, IDP1p, was slightly repressed at the late stage of the culture. Moreover, LSC1p, the a subunit of succinyl-CoA ligase, was downregulated. LSC1p catalyzes the conversion of succinyl-CoA to succinate in the TCA cycle. The downregulation of LSC1p suggested that the TCA cycle was repressed during the lipid production process. To continuously produce fatty acid, it is essential to supply the building blocks acetyl-CoA or malonyl-CoA (Suutari et al., 1993) . In this regard, our data indicated both ACC1p and HFA1p were upregulated during the late culture stage. ACC1p and HFA1p, located in the cytosol and the mitochondria, respectively, are acetyl-CoA carboxylases that produce malonyl-CoA from acetyl-CoA to power the fatty acid biosynthesis. In oleaginous microorganisms, the supply of NADPH for fatty acid synthase is considered to be furnished exclusively by the activity of malic enzyme (Ratledge, 2002) . However, malic enzyme was not observed in this study. Instead, GND2p, 6-phosphogluconate dehydrogenase, was upregulated drastically. GND2p catalyzes an NADPH-regenerating reaction in the pentose phosphate pathway. It should be pointed out that upregulation of GND2p was also observed in our previous study with oleaginous yeast R. toruloides Y4 (Liu et al., 2009) . Therefore, proteomic data suggested that the pentose phosphate pathway is likely functioning as an alternative reducing equivalent producer to drive the lipid accumulation process.
There were some protein hits that were worth mentioning in more detail. One isoform of NADP 1 -dependent glutamate dehydrogenase (GDH), GDH3p, was upregulated in the middle stage of lipid production. GDH3p plays nonredundant physiological roles, and its expression depends on the nature of the carbon and nitrogen sources. GDHs catalyze the synthesis of glutamate from ammonium and aketoglutarate, but they show different allosteric properties and their rates are different (DeLuna et al., 2001) . In S. cerevisiae, cells can respond to growth on poor nitrogen sources by increasing the expression of GDHs for the synthesis of glutamate and glutamine and by increasing the activities of permeases responsible for the uptake of amino acids. These general responses to the quality of nitrogen source in the growth medium are known as nitrogen regulation (Magasanik & Kaiser, 2002) . GDH3 expression is influenced by the general nitrogen control system and overexpression of GDH3 resulted in faster growth and aketoglutarate accumulation (DeLuna et al., 2001) . Because glutamate and glutamine are the two major nitrogen donors in biosynthesis reactions (Gancedo, 1998) , the pathway of glutamate biosynthesis should be activated because little organic nitrogen sources were supplied in the lipid production media. This rationale can be considered to be responsible for the downregulation of MET6p, as the activity of MET6p requires a minimum of two glutamates on the methyltetrahydrofolate substrate, and yet glutamate is in short supply under nitrogen-limited conditions.
A similar strategy had been applied to another oleaginous yeast R. toruloides Y4 in an earlier study (Liu et al., 2009) . In that study, a comparative and semi-quantitative proteomic analysis was performed against the 'seed' sample prepared in a nitrogen-rich medium. Thus, significant protein changes were expected because proteome samples were obtained from different cultures. However, only 184 proteins were identified, largely because R. toruloides Y4 and S. cerevisiae belong to two different divisions, and are phylogenetically separated. In this work, proteome samples of L. starkeyi AS 2.1560 were obtained from the lipid production media at three representative time intervals, and 289 protein hits were identified. Interestingly, seven proteins were found to show identical change trends in these two studies. These proteins are ACC1p, GDH3p, GLC7p, GND2p, IPP1p, PGK1p and RHO1p. SAR1p and TRP2p were also found in both studies, but their expressions were reversely regulated. It should be noted that the majority of those proteins were associated with important biochemical events leading to lipid accumulation (vide ante). Thus, yeast oleaginity under the nitrogenlimited conditions likely involves many common cellular responses at the proteomic level.
In conclusion, we identified 289 proteins via online multidimensional mRPLC/MS/MS analysis of proteome samples of oleaginous yeast L. starkeyi AS 2.1560; of these, 81 proteins showed a significant change in their expression level when cells were shifted to accumulate a large amount of intracellular lipid. Most of these proteins were found to be relevant to lipid metabolism or cellular responses to a nutrient shift, but some remain elusive. Yet, this work provided rich data on the network biological events leading to microbial oleaginity in a nitrogen-deficient environment. This proteomic information should be valuable for rational engineering of oleaginous yeasts for improved microbial lipid production. Table 1 'total identified proteins,' that is, the 120/159/192-hits set. Fig. S3 . Functional distribution (a) and biological process distribution (b) of proteins identified from proteome samples 8-h, 48-h and 96-h as listed in Table 1 'identified proteins,' that is, the 120/159/192-hits set. Fig. S4 . The distributions of primary metabolism of proteins changed dramatically as listed in Table S1 , that is, the 81-hits set. Table S1 . A list of identified proteins meeting the criteria searched against the database of Saccharomyces cerevisiae. Table S2 . A list of up-and downregulated proteins meeting the criteria searched against the database of Yarrowia lipolytica.
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